The resonance Raman spectrum of the radical cation of N,N-dimethylaniline (DMA) has been remeasured, and different types of ab initio calculations have been performed to interpret the vibrational spectra of this species and the deuteriated isotopomers previously studied by Poizat et al. (J. Chem. Phys. 1989, 90, 4697). Density functional methods (UBLYP/6-31G*) give results superior to those of Hartree-Fock calculations for the vibrational frequencies of the radical cation of DMA. The same level of theory was also successfully applied to the vibrational spectrum of aniline. CASSCF calculations were used to study the potential energy surfaces of the lowest excited states of the radical cation of DMA, allowing the estimation of resonance Raman intensities. For the neutral DMA conventional HF/6-31G* calculations allow a straightforward interpretation of the infrared and Raman spectra. The calculations lead to revision of some of the previous empirical assignments.
Introduction
The amino group holds a special position in organic chemistry because it is the simplest and most readily available electronrich functional group. The lone pair electrons give amines important chemical reactivity, as a base, as a nucleophile, or as an electron donor. In the latter role amines have been frequently used in the field of photoinduced electron transfer, from its earliest stages 1, 2 up to the present days. [3] [4] [5] [6] [7] [8] In relation to our studies of polyamino electron donor-acceptor systems, 5, 6, 8 we are interested in the interactions between the amino groups in the different charge-separated excited states that can exist in such multicomponent systems. For comparison, the corresponding radical cation species containing two (or more) donor groups have been studied recently by optical absorption and resonance Raman spectroscopy. 5, 9 The purpose of the present paper is to provide a strong foundation for the interpretation of the vibrational spectra of radical cations of more complicated aromatic amines by focusing first on N,N-dimethylaniline (DMA). This compound is small enough to be well suited for quantum chemical investigation, and much is known about it experimentally. Radical cations of aniline derivatives are intermediates in various chemical processes in the liquid phase and have been studied by electrochemical methods, 10 magnetic resonance, [11] [12] [13] optical absorption, [14] [15] [16] [17] and resonance Raman spectroscopy. [18] [19] [20] [21] [22] [23] Vibrational data of the radical cation states of the isolated aniline molecule have been recently obtained using photoelectron spectroscopic techniques. 24, 25 For the interpretation of the vibrational spectra of radicals and radical cations of simple substituted benzenes such as benzyl, 26 aniline, 24 phenylenediamine, 27 and phenoxyl, 28 various levels of ab initio quantum chemical theory have been applied. Our goal in the present study is to establish an acceptable level of calculation for the radical cation of N,N-dimethylaniline (DMA + ), for which extensive resonance Raman data are available. 22 The theoretical method should not be too compu-tationally demanding, because we intend to apply the same approach later to larger systems. After we found that density functional theory (DFT) calculations (section 3.2) give excellent results for DMA + , we briefly investigated the aniline radical cation, with equally good results (section 3.3). During the study we were surprised to see that the typical ring mode 6a was not reported by the Poizat group 22 for the parent isotopomer of DMA + , and therefore we remeasured the spectrum of this species. The results that we present here will serve as a firm basis for the interpretation of the spectra of radical cations of more complicated aniline derivatives, in particular piperidines and piperazines. 29 
Experiments
Excitation at 308 nm or at shorter wavelengths of aniline derivatives in polar solvents leads to the formation of triplets and radical cations. 22, 30 The former are readily quenched in air-saturated solvent. Thus, the DMA radical cation was generated by exciting a 5 × 10 -4 M aerated solution in acetonitrile at 248 nm (Lambda Physik LPX 220i Excimer laser, 9 mJ, 20 ns pulses). Resonance Raman spectra were excited 70 ns after the photolyzing light pulse, at a wavelength of 465 nm, with pulses of 1.0-2.0 mJ/pulse energy (15 ns pulses, 5 Hz repetition rate) from an excimer (Lambda Physik EMG102E) pumped dye laser (Lambda Physik FL3002). Scattered Raman light was collected at right angles to the laser beam, passed through a bandpass filter (Schott GG475) and a polarization scrambler, and dispersed in a home-built 0.6 m spectrograph. The spectral resolution was 8 cm -1 . Spectra were detected by a gated intensified optical multichannel analyzer (Spectroscopy Instruments OSMA IRY-700) with 700 active channels. The wavenumber scale was calibrated using the Raman spectrum of indene as a reference. Data handling was performed on a PDP11/23 computer. A sample was exposed to 250 laser pulses, and spectra from four samples were averaged. The final spectra were obtained after subtraction of solvent bands. The spectra were not corrected for the absorption of the GG475 filter, the absorption of the sample, and the wavelength dependence of the sensitivity of our detection system.
In addition to the experiments on the radical cation of DMA, we also attempted to obtain the resonance Raman spectrum of the T 1 state. This was generated by excitation of a 2 mM solution of DMA in argon-deoxygenated cyclopentane at 308 nm. Although the triplet state is known to be formed efficiently (rate of intersystem crossing 4 × 10 8 s -1 , triplet yield ca. 0.8, 31, 32 and the absorption is in the same spectral region (460 nm, ) 4000 M -1 cm -1 ) 30 and of about the same strength as that of the radical cation [14] [15] [16] ), we could not detect significant Raman scattering of this species. This result is in contrast with those for some N-phenylpiperidine and N-phenylpiperazine derivatives, which gave weak but detectable transient resonance Raman spectra under the same conditions. 29
Assignment of Spectra
3.1. Neutral DMA. The Raman and IR spectra of the neutral ground state of DMA and three of its deuteriated isotopomers have been reported by Guichard et al. 33 and assigned on the basis of a previous analysis. 34 Recently, the vibrational spectra of aniline were analyzed in detail 35 on the basis of semiempirical and ab initio calculations. The IR spectrum of aniline was also recently studied using density functional methods. 36 We shall in the following briefly present the results of HF/ 6-31G* ab initio calculations 37 on DMA-d 0 , DMA-d 6 , DMAd 5 , and DMA-d 11 in their neutral ground states and compare the results with the experimental data of Guichard et al. 33 and their assignments. The symmetry of DMA in its neutral ground state is C s with the nitrogen being pyramidalized and the two methyl groups being slightly tilted out of the plane of the phenyl ring (see section 4.1). This is qualitatively similar to aniline.
The observed Raman and IR spectra reported by Guichard et al. 33 [GBLP] are listed in Table 1 together with our calculations and assignments. We have adopted the conventional procedure 38 of scaling the computed harmonic frequencies by a factor of 0.9 to correct for deficiencies of the Hartree-Fock method and for differences between harmonic and observed 0f1 transition frequencies. IR and Raman intensities were calculated but are not listed.
In general, the calculations reproduce the observed spectra of the four isotopomers very satisfactorily, and the agreement with the previous empirical assignment of GBLP is in general good. However, a few points should be mentioned. For many modes deuteriation changes the coupling pattern between ring modes and vibrations of the dimethylamino group substantially. It is therefore in some cases difficult to draw a straightforward correlation between modes of the various isotopomers. We shall in the following discuss the assignment derived on the basis of the present theoretical results. Unless stated differently, calculated bands refer to DMA-d 0 .
The frequency of the 8a mode is well reproduced for all isotopomers, and the assignments are in agreement with GBLP. While this mode is weakly coupled with a methyl deformation mode for DMA-d 0 and DMA-d 5 , in DMA-d 6 and DMA-d 11 the methyl vibration is shifted to lower wavenumbers and the 8a mode is in these cases a pure ring mode. Mode 8b, observed only in IR, is a pure ring mode and well reproduced by calculations for all isotopomers.
The assignment of the 19a mode is in general agreement with GBLP, judging on the basis of the ring displacements only. However, it should be noted that for DMA-d 5 and DMA-d 11 , this mode has its strongest contribution from the C-N stretching coordinate, in additon to the ring displacements (see below). Furthermore, it is strongly coupled with a methyl deformation in DMA-d 0 and DMA-d 5 .
A series of bands calculated at 1498, 1483, and 1477 cm -1 are due to methyl deformations and assigned in general agreement with GBLP. Also, the symmetric "umbrella" methyl deformation (calculated at 1474 cm -1 ) and its antisymmetric counterpart (calculated at 1437 cm -1 ) are assigned in agreement with GBLP, apart from the band at 1130 cm -1 in DMA-d 11 , which more likely is due to the 18b mode. As the region from 1067 to 1091 cm -1 in DMA-d 11 is rather crowded, assignments in this region are uncertain. Methyl rock modes are predicted at 1169, 1133, 1119, and 1057 cm -1 . Of these, the 1133 cm -1 band is the symmetric rock mode. Our assignments are in qualitative agreement with GBLP.
Ring mode 3, calculated at 1352 cm -1 , is assigned to the observed bands at 1335/1340 cm -1 in DMA-d 0 , at 1320 cm -1 in DMA-d 6 , and at 1036 cm -1 in DMA-d 5 . GBLP assign some of these bands (1335/1340 and 1320 cm -1 ) incorrectly to mode 14, which according to our calculations is predicted at 1189 cm -1 .
The frequency of the N-ring stretching vibration is sensitive to deuteriation of the ring and of the methyl groups. The ν-(N-ring) vibration is calculated at 1338 cm -1 for DMA-d 0 . This mode is a strongly mixed mode with contributions from methyl deformations and CH bending (19a). In DMA-d 6 it is shifted by 25 cm -1 to 1313 cm -1 according to calculations and the methyl contribution is reduced. Experimentally, the shift is much smaller. In DMA-d 5 , the mode with the strongest ν(Nring) contribution is the one calculated at 1399 cm -1 , assigned above to mode 19a; however, a considerable ν(N-ring) contribution is also calculated for the 1295 cm -1 band. Also in DMAd 11 , two modes at 1256 and 1401 cm -1 show strong ν(N-ring) contributions giving rise to an in-phase and out-of-phase combination of ν(N-ring) with mode 19a. GBLP did consider only one of these two modes in DMA-d 5 and DMA-d 11 , respectively.
While the antisymmetric ν(NC 2 ) mode is calculated at 1272 cm -1 and assigned in agreement with GBLP for all isotopomers, the symmetric ν(NC 2 ) mode couples according to calculations with ring mode 1, giving rise to in-phase and out-of-phase combinations at 725 and 934 cm -1 . Such a coupling is apparent in DMA-d 0 , DMA-d 6 , and DMA-d 5 .
Ring mode 18a, predicted at 1026 cm -1 , couples with CD 3 rock in DMA-d 6 and DMA-d 11 . Mode 18b, predicted at 1096 cm -1 , couples with CH 3 /CD 3 rock in DMA-d o and DMA-d 5 and with methyl deformations in DMA-d 11 . This leads to revised assignments for the bands observed at 1135/1132 cm -1 in DMAd 5 , compared with GBLP.
In the low-frequency region below 1000 cm -1 one finds ring modes 5, 17a, 12, 1, 17b, 10a, 11, 4, 6b, 16b, and 16a and the stretching and bending modes of the dimethylamino group. Most of the assignments proposed by GBLP are in qualitative agreement with the present calculations, although some of the modes have more mixed character.
In summary, the present calculations are in excellent agreement with the observed data of GBLP 33 and provide a firm basis for the assignment of most of the observed bands in all four isotopomers. The only unassigned observed bands are two weak bands at 1300 cm -1 in DMA-d 5 and at 1295 cm -1 in DMAd 11 .
3.2. Radical Cation of DMA. The resonance Raman spectra of the radical cation of N,N-dimethylaniline (DMA + ) and several isotopomers have been reported and assigned a few years ago by the Poizat group. 22 This offers an ideal testing ground for different computational approaches. It will be found that DFT 39 using Becke's exchange functional 40 together with the LYP correlation functional 41 gives results that are clearly superior From Guichard et al. 33 b All calculated frequencies were scaled down by a factor 0.9.
to those obtained with Hartree-Fock (HF) methods. Therefore, we shall present the results of the DFT calculations first and then briefly discuss the results of the HF methods. The spectra were calculated for the planar C 2V as well as the nonplanar C 2 form. The latter is the true minimum at the UBLYP/6-31G*, UHF/6-31G*, UMP2/6-31G*, and ROHF/6-31G* levels, but the geometry as well as the calculated frequencies and normal modes are changed only marginally when the symmetry is lowered. Because resonance Raman spectra normally reveal only totally symmetric modes, 42 we will interpret the spectrum of DMA + using the modes that are totally symmetric in the planar C 2V geometry. As will be shown, this allows a straightforward assignment, so there is no need to invoke nontotally symmetric modes, including a 2 modes that become totally symmetric when the symmetry is lowered to C 2 . The calculated frequencies are not scaled, 36,43 although a slightly better overall fit can be obtained by multiplying the frequencies by 1.006. The experimental data, shown in Figure 1 , are available only for vibrational frequencies below ca. 1700 cm -1 , so the CH stretching region is not considered. The computed totally symmetric normal modes of the d 0 isotopomer are shown in Figure 2 .
The frequency of the 8a mode is very well reproduced for all isotopomers. This mode is very characteristic for monosubstituted benzenes, essentially unperturbed by substituents.
Compared with the neutral molecule, the frequency is reduced by ca. 35 cm -1 for d 0 and d 6 and by 50 cm -1 in the ring-deuteriated isotopomers. The nature of this mode is a coupled C-C stretch and CCH bending, the contribution of the former being enhanced upon ionization.
The frequency of the second characteristic ring mode 19a is quite well reproduced for the d 0 and d 6 isotopomers. For the ring-deuteriated analogs the frequency is shifted to a much lower value. Poizat and co-workers 22 assigned bands at 1387 cm -1 in d 5 and at 1397 cm -1 in d 11 to the 19a vibration. As we show below, these are actually the N-ring stretching modes. It is noteworthy that mode 19a is not observed in the ring-deuteriated compounds (see section 4.4) .
The frequency of the N-ring stretching vibration is sensitive to deuteriation of the ring and of the methyl groups. Changing the methyls into CD 3 is predicted to lead to a lowering of the frequency by ca. 10 cm -1 . Ring deuteriation, on the other hand, is predicted to lead to substantial increases in frequency of 22 and 31 cm -1 in d 5 and d 11 , respectively. Experimentally, an increase in the frequency is found in all three deuteriated isotopomers: 21 cm -1 in d 5 , 12 cm -1 in d 6 , and 33 cm -1 in d 11 . Thus, the observed effect of deuteriation of the methyl groups is not in agreement with the calculation, but the frequency increase upon ring deuteriation comes out nicely.
The observed and computed vibrational frequencies for ring modes 9a and 18a are in excellent agreement. In the ringdeuteriated isotopomers one of the two modes is not observed. The calculations indicate that this is mode 18a rather than 9a, as supposed by Poizat et al. 22 The symmetric deformation of the methyl groups is computed at 1441 and 1447 cm -1 in the d 0 and d 5 isotopomers and at 1113 cm -1 in the methyl-deuteriated ones. The observed bands at 1474 cm -1 in d 5 and at 1130 cm -1 in d 11 can be assigned to this vibration. For the parent isotopomer the band may coincide with the one observed at 1478 cm -1 . In the d 6 isotopomer it seems to remain unobserved. Poizat et al. 22 assign the bands at 1163 cm -1 in d 0 and at 1140 cm -1 in d 5 to the F S (Me) vibration. According to our calculations the band at 824 cm -1 in d 6 can also be assigned in this way, rather than to an N-methyl stretching mode. On the basis of the calculation, F S (Me) should appear at ca. 800 cm -1 in the d 11 isotopomer, but it is not observed.
In the frequency region below 1000 cm -1 one finds the combinations of ring modes 12, 1, and 6a and the stretching and bending modes of the dimethylamino group. Experimentally only one of these has been observed for each isotopomer. For the d 0 compound the 735 cm -1 band has mainly ν(N-Me) character, and the band around 500 cm -1 (reported only for the deuteriated isotopomers) can be labeled "6a". Modes 1 and 12 tend to mix so strongly with other modes that they are hard to identify. In any case, mode 12 is not observed, and a band for mode 1 cannot be identified with certainty. The spectrum of DMA + (trace B in Figure 1 ) shows a feature near 900 cm -1 , but this is possibly a subtraction artifact due to the presence of a strong solvent band at 920 cm -1 and is therefore not listed as a band in Table 2 . The intensity calculations (section 4.4), on the other hand, suggest that it may well be a real band, corresponding to ring mode 1.
We were surprised that mode 6a, expected near 544 cm -1 , was not reported for the parent isotopomer by the Poizat group. 22 We therefore remeasured the spectrum of the dimethylaniline radical cation and found a strong band at 536 cm -1 , which is obviously the band sought. It is still strange that the N-Me vibration is not seen in any of the deuteriated compounds.
Clearly, the DFT calculations account for the spectra remarkably well and lead convincingly to a revision of a few of the assignments. We shall now turn to the UHF and ROHF results. 44 The frequencies are uniformly scaled such that an optimal agreement is obtained for 26 bands of the four isotopomers. The scaling factors are 0.934 for UHF and 0.922 for ROHF.
On the whole, the agreement of the UHF calculated frequencies with experimental data is inferior to that obtained with the DFT calculations. The frequency of the 8a mode is consistently underestimated, especially in the ring-deuteriated isotopomers, while that of mode 19a is overestimated. Remarkably, for the d 0 and d 5 isotopomers the highest frequency computed mode in the spectral region of interest is in fact the asymmetric methyl deformation (not observed experimentally). The frequency of the mode corresponding mostly to stretching of the N-ring bond is overestimated by more than 50 cm -1 in the d 0 and d 5 species and by a small amount in the methyldeuteriated isotopomers. Thus, as with the DFT calculations, the shift to higher frequency upon methyl deuteriation is not reproduced.
The remaining observed bands in the resonance Raman spectra of DMA + and isotopomers can be adequately assigned using the UHF calculations, as well as with the DFT results.
According to the ROHF calculations the character of many of the modes is more complicated than according to the DFT calculations. The high-frequency 8a mode is so strongly mixed with methyl deformation and mode 19a that its nature can hardly be recognized in the parent isotopomer. According to the ROHF calculations, the modes observed at 875 and 865 cm -1 in d 6 and d 11 , respectively, can be better assigned to 18a than to 9a. As discussed below, the ROHF results do not appear to be reliable. When the symmetry is lowered to C 2 a quite different electronic wave function is obtained and, not surprisingly, the computed vibrational spectrum also changes a lot, in contrast to the other cases discussed.
At the CASSCF level 45 the π-electron system was fully correlated (seven electrons in seven orbitals). The C 2V structure was found to be an energy minimum. The results of the CASSCF frequency calculations (scaling factor 0.915) are in better agreement with experiment than the UHF results but less satisfactory than those from the UBLYP calculations. Nevertheless, the CASSCF approach is important because it offers the only viable way to describe the potential energy surfaces of the resonant excited state of the radical cation, which is necessary for the prediction of the intensity pattern (section 4.4). Concerning the 8a mode, the frequency lowering upon deuteriation is strongly overestimated. This is because the contribution of the C-C stretching is too low relative to the contribution of the C-H bending deformations of the methyl groups and of the ring. In the counterpart of mode 8a, the 9a mode, the aromatic CH bending contribution is calculated a bit too small, as seen from the isotope shift in the d 5 species. The frequency of the 19a mode is somewhat overestimated. The N-ring stretching frequency is overestimated considerably, and the effects of deuteriation of the methyl group are not well reproduced. The remaining totally symmetric modes are calculated in agreement with experiment and with the UBLYP results.
Aniline Radical Cation.
Encouraged by the results of the UBLYP calculations on the radical cation of DMA, we performed the same type of calculation also for the radical cation of aniline. The vibrational frequencies have been measured by means of resonance Raman spectroscopy of the relaxed radical cation in solution 20 and by ZEKE spectroscopy of the isolated molecule. 24 In the latter study, the frequencies were also computed at the UMP2/6-31G* level, but the results were rather disappointing. The UBLYP/6-31G* calculations (Table 3) , on the other hand, match very well with the experimental data, even for the low-frequency region, where the harmonic approximation is questionable. For this species the C 2V structure corresponds to an energy minimum.
On the basis of our calculations (Table 3 ; a figure with normal modes and a table of calculated frequencies and assignments of the deuteriated isotopomers are available as supporting information) some of the assignments of Tripathi and Schuler 20 have to be revised. The bands at 1380 and 1494 cm -1 are due to the 19a mode and ν(N-ring) vibrations. Both modes are highly mixed, but the low-frequency band (1380 cm -1 ) has more ν CN character, while the one at higher frequency is a bit more like mode 19a. Ring deuteriation (cf. Table 2 and see supporting information) leaves almost all of the ν CN character in the higher frequency mode, observed at 1455 and 1476 cm -1 in the d 5 and d 7 isotopomers, respectively. The weak band at 1458 cm -1 in the parent isotopomer must be attributed to a vibration of B 2 symmetry, gaining intensity through vibronic coupling, like the mode at 1338 cm -1 (calculated 1339 cm -1 ). The nature of the 1458 cm -1 vibration is similar to mode 8b; the calculations suggest that the 1338 cm -1 vibration corresponds with mode 3, not 14 as inferred by Tripathi and Schuler. The benzene-like vibrations of B 2 symmetry are, however, heavily mixed, and the assignment of a Wilson symbol is quite arbitrary.
In the ZEKE experiments 24 several nontotally symmetric modes have been detected in the low-frequency region. Most of these can be readily assigned on the basis of the DFT calculation, although the symmetry assignments are not in all cases in agreement with those of Song et al. For the bands observed at 577 and 658 cm -1 there is no corresponding calculated mode.
Computed Molecular Structures, Wave Functions, and Potential Energy Surfaces
In this section we shall discuss the molecular structures of DMA and its radical cation as computed at different levels of approximation, and we shall compare these with experimental data other than vibrational spectra. Furthermore, a brief description of the characteristic features of the electronic wave function in DMA and in the lowest electronic states of the radical cation will be given. Finally, we will present the estimation of resonance Raman intensities as derived from the potential energy surfaces of the resonant states.
Molecular Structures.
In Table 4 are listed the energies and most important geometric features of the optimized structures at various levels of theory. In the neutral dimethylaniline the amino group was found to be pyramidal; in the radical cations it was planar, as was the benzene ring. In the structures of C 2 symmetry there was a small torsion (τ) around the C 1 -N bond.
For investigations of the potential energy surface of the excited states of the radical cations the CASSCF method is at present the most appropriate. For these calculations we have limited the system to C 2V symmetry. The ground state of DMA + is of B 1 symmetry; the lowest excited state is 1 2 A 2 . The resonant state in the Raman experiments is the second excited state 2 2 B 1 .
Limited experimental structural data are available for DMA. From electron diffraction data it was concluded that the structure has C s symmetry. 46 The C 1 -N bond length was found to be 1.43 ( 0.02 Å, the N-methyl bond length was 1.46 Å, and the average CNC bond angle was 116°. Our calculations give an average angle of 117.6°. In the gas phase the amino group was found to be pyramidal, with an out-of-plane angle of 27°, 47 which is very well reproduced by the calculated value of 26.3°. In the Cambridge Structural Database 48 we found 10 4-alkyl-DMA derivatives, in which the C 1 -N bond lengths varied between 1.36 and 1.40 Å. Pyramidalization was in most cases significantly smaller than in the gas phase, and the dimethylamino group was twisted only slightly with respect to the plane of the benzene ring. Effects of crystal-packing forces on dihedral angles are common, 49 but in this case the low inversion barrier 47 also allows flattening of the amino group due to intermolecular interactions in the solid state. The HF/6-31G* level is known to be generally adequate for the calculation of the structures of organic molecules. 38 In the case of amines the polarization functions are essential. 50, 51 Previous calculations found a twisted optimized structure for DMA at the 3-21G-(N*) level. 52 Gorse and Pesquer 53 reported that DMA has two minimum-energy structures (C s and C 1 ) at the HF/6-31G* level, but they gave no details other than the pyramidalization angle. We found the C 1 structure to have essentially the same energy as the C s structure, at both HF/6-31G* and MP2/6-31G* levels of theory. This agrees with the notion that the potential energy surface for twisting and pyramidalization is very shallow. Important for our purpose is that the optimized 6-31G* C s structure (Table 4 ) is in good agreement with the known experimental structures and can account for the vibrational spectra.
Going from the neutral molecule to the radical cation, the bond between the nitrogen atom and the aromatic ring (r CN ) is considerably shortened. According to UHF, UMP2, and CASSCF calculations, r CN ≈ 1.33 Å, while the DFT calculation predicts a bond length of 1.375 Å. With the ROHF method a large difference in the bond lengths is found between the optimized planar C 2V and the twisted C 2 forms. This unexpected result was verified using a different program, viz. GAMESS-UK. 54 It was possible by taking small steps along the out-ofplane coordinate, and optimizing all other degrees of freedom, to find a range of torsion angles in which both structures, i.e., the "long-bond" and the "short-bond", coexisted. This phenomenon is most likely due to a HF instability of the ROHF wave function, but unfortunately the programs do not provide facilities for testing this.
For the radical cations experimental structural data are not available. The related N,N,N,N-tetramethyl-p-phenylenediamine (TMPD) forms radical cation salts that could be studied by means of X-ray crystallography. 55, 56 The experimental data could be reasonably well reproduced with UHF/3-21G calculations. 27 This, however, does not imply that the same level of theory is also appropriate for the simple aniline radical cations, because spin contamination played a much smaller role in the case of phenylenediamines (see below). The CN bond in TMPD is shortened upon one-electron oxidation by ca. 0.06 Å. [55] [56] [57] The computed bond lengths of the radical cation of TMPD using UHF/6-31G* and UBLYP/6-31G* are compared in Figure 3 .
For TMPD the UHF values of the bond lengths in the π-system are in somewhat better agreement with experiment than the UBLYP values, although both are quite acceptable. The UBLYP bond lengths are systematically too large, in line with observations for neutral molecules. 43 The computed CN bond has essentially the same length in DMA + as in the TMPD radical cation. The experimental equilibrium bond lengths fall in between the UHF and UBLYP values, suggesting that perhaps Table 5 we report some characteristics of the electronic wave functions. The natural atomic populations 60 can be used as a measure of the charge transfer between the amino group and the benzene ring. The spin density on the nitrogen atom in DMA + , F N , can be compared with the experimental estimate of ca. 50%. 11 The UBLYP calculations reproduce this quite well. The expectation value of S 2 should be 0.75 for a doublet state. The much higher values for the UHF-based methods indicate serious spin contamination. The DFT calculations do not suffer from this problem, even though they are also unrestricted.
The qualitative pattern of the charge distribution is similar in all methods. The difference between the radical cation and the neutral molecule occurs in particular at the nitrogen atom and the ortho-and para-ring atoms, as expected. There is quite a big difference between the charges in the radical cations of aniline and DMA.
Excited States.
The relaxed energies of the two lowest excited states of DMA + as calculated at the CASSCF level are reported in Table 4 . The vertical excitation energies at the geometry of the ground state are 2.12 eV (corresponding to absorption at 586 nm) and 3.12 eV (397 nm) for the 1 2 A 2 and 2 2 B 1 states, respectively. The former corresponds with the broad absorption band in the red with a maximum around 2 eV; 16 the latter corresponds with the resonant state in our experiments, with an absorption maximum at 465 nm. Considering the fact that dynamical correlation effects are neglected in the calculations, the agreement between calculated and experimental excitation energies is very satisfactory.
A qualitative sketch of the π molecular orbitals of DMA + is presented in Figure 4 . Note that in the CASSCF calculations significant mixing of these idealized "basis orbitals" takes place, depending on the orbital occupation. This affects in particular the π 2 and π 4 orbitals.
The configuration 1b 1 2 2b 1 2 3a 2 2 4b 1 1 5a 2 0 6b 1 0 7b 1 0 dominates the wave function of the ground state of the radical cation, although there is a noticeable admixture (coefficients between 0.1 and 0.15) of three excited configurations. The bond length pattern (Table 4) is consistent with a quinoidal electronic structure. The lowest excited state 1 2 A 2 is dominated by the configuration in which one electron is promoted from π 3 to π 4 . Again, several configurations mix into the CASSCF expansion with coefficients between 0.1 and 0.2. Compared with the 1 2 B 1 state, the 1 2 A 2 state shows an increased polarization of the CN bond and a transfer of charge from the ring to the amino group. The reduced occupation of π 3 is also reflected in a lengthening of the C2-C3 and C5-C6 bonds and an increase in the bond order between C2 and C6 and between C3 and C5. This leads to distortion of the ring, with the angle C2-C1-C6 being only 114.7°. Changes in the geometry following excitation, as well as the gradients in the 1 2 A 2 and 2 2 B 1 vertically excited states are represented in Figure 5 .
The second B 1 state is mostly a mixture of two singly excited configurations (0.77 × |π 2 f π 4 | -0.48 × |π 4 f π 6 |) but doubly excited configurations are also significant. As can be derived from the orbital occupation in the leading configurations, the bonding between C1 and N is weaker in 2 2 B 1 than in 1 2 B 1 , which results in a considerable lengthening of the C-N bond (see Table 4 ). Upon geometry optimization of the 2 2 B 1 state this becomes lower in energy than the 1 2 A 2 state. 
Resonance Raman Intensities.
For the totally symmetric modes A-term scattering is most likely to be the dominant contribution to the resonance Raman intensities. 42 Theory shows that the intensity is approximately proportional to a sum over Franck-Condon factors. Assuming that the normal modes are the same in the two states involved, it can be shown that the intensity of the band corresponding to mode k is proportional to the square of the dimensionless displacement parameters (eq 1). 42, 61 The assumption that the frequency of the vibrations does not change allows the Cartesian displacement ∆x k to be computed directly from the gradient g of the excited state surface at the ground state geometry. 61 This leads to eq 2.
The intensity of the totally symmetric vibrations of DMA + was calculated according to eqs 1 and 2 by taking the displacement vector or the gradient vector from the CASSCF calculations and using either the UBLYP or the CASSCF normal modes. The best agreement with experiment was found when the CASSCF normal modes were used in combination with the computed displacement in the 2 2 B 1 excited state. These intensities, which show a very satisfactory agreement with experiment, are shown in Figure 1 . The calculations are consistent with the fact that the 19a vibration is not observed in the ring-deuteriated isotopomers. Apparently, mode 19a derives most of its intensity from mixing with ν(N-ring).
In Figure 6 a comparison is made of the estimated intensities for the 1 2 A 2 state and the 2 2 B 1 state. The intensity pattern for the B 1 to A 2 transition shows large resonance enhancement for the 9a, ν(N-methyl), and 6a modes, with relatively little intensity in the N-ring stretching and 19a modes. This is distinctly different from the pattern observed for the 2 2 B 1 state. The difference can be qualitatively understood by inspection of Figure 5 , which shows that the N-ring bond length barely changes upon transition to the 1 2 A 2 state, while the ring distortion projects strongly onto the 6a mode.
Discussion
A key vibration of the aniline derivatives is obviously the N-ring stretching mode. One would expect this mode to be sensitive to changes in the electronic structure of the molecule. Indeed, in going from the neutral molecule to the radical cation, the frequency increases in DMA by ca. 30 cm -1 as a result of the increased double-bond character, as argued by Poizat et al. 22 In contrast, all other ring modes shift to a lower frequency. The increased C-N bond order is also reflected in the considerable decrease of the bond length, 0.06 Å, according to our estimate based on comparison with tetramethyl-p-phenylenediamine. For the aniline molecule the frequency of the N-ring stretching mode increases from 1279 cm -1 (ref 35) in the neutral molecule to 1380 cm -1 in the radical cation. According to our calculations the bond lengths are the same in DMA and aniline, but the C-N bond is 0.02 Å shorter in aniline + than in DMA + . The N-methyl groups somewhat attenuate the changes in the structure and vibrations of aniline upon ionization. For an analogous π-system, the phenoxyl radical, the observation was made that the CO bond was computed to be as short as a double bond, while the stretching force constant was intermediate between those of CO single and double bonds. 28 Thus, a simple relationship between electronic structure, bond length, and vibrational frequency should not be expected to exist in this case.
The best prediction of the frequency of the N-ring vibration comes from the UBLYP calculations. The CASSCF calculations, which are quite good for most other modes, overestimate the frequency by as much as 55 cm -1 in the parent isotopomer. The N-ring stretching in DMA and DMA + is a complex normal mode, and its nature changes substantially upon deuteriation. In the graphical representation ( Figure 2 ) contributions from methyl deformation and the CH bending mode 19a are clearly recognized. In spite of this complexity our calculations predict that 15 N isotopic substitution would only affect the frequency of the ν(N-ring) mode (∆ν ) -17 cm -1 ) and the ν(N-Me) vibration (∆ν ) -6 cm -1 ), but not other modes such as 19a. Unfortunately, there are no experimental data for [ 15 N]DMA, but for the case of N-phenylpiperidine 29 an analogous prediction is borne out by experiment. Thus, the isotopic frequency shift may be taken as an experimental criterion for labeling the ν-(N-ring) vibration where the graphical display of the mode seems less characteristic.
The isotope effects on the N-ring vibration in DMA + can be qualitatively explained. Deuteriation of the ring shifts the 19a mode from a frequency above that of ν(N-ring) to one below it. As a result, the N-ring mode is shifted to higher frequency. This effect is reproduced by the calculations (except ROHF). Inspection of the normal modes also shows the diminished mixing-in of mode 19a in the N-ring mode in the d 5 isotopomer and a reversal of the sign of the contribution. The effect of methyl deuteriation can be analogously explained, although the situation is more complicated because all three symmetric combinations of the deformation modes mix. We note, however, that in d 0 and d 5 two of them are at higher frequency than ν(N-ring), while in the d 6 and d 11 compounds all methyl deformation modes have a lower frequency than the N-ring vibration. Unfortunately, this detail is not correctly reproduced by any of the calculations.
According to the HF calculations for the neutral DMA molecule the N-ring stretching mode is even more mixed than in the radical cation, and its response to deuteriation is quite different. In the ring-deuteriated isotopomers the mixing with mode 19a is so strong that the simple labels lose their meaning.
Conclusions
The resonance Raman spectrum of DMA + has been successfully analyzed on the basis of UBLYP/6-31G* and π-space Figure 6 . Intensity patterns calculated for the Raman spectra of DMA + in resonance with the transitions from the 2 B1 ground state to the 2 2 B1 state (B) and the 1 2 A2 state (C). For comparison, the experimental spectrum is included (A). I k ∝ ω(∆x k M 1/2 L k ) 2 (1)
CASSCF/6-31G* calculations. The latter are less accurate for the vibrational frequencies but permit the calculation of the excitation energies and the potential energy surfaces of the two relevant lowest excited states of DMA + . The excitation energies are in good agreement with experiment, and the same is true for the intensities derived from the excited state displacements. This suggests that the CASSCF calculations give an essentially correct description of the excited state potential energy surfaces. The UBLYP calculations also account very well for the vibrational frequencies of the radical cation of aniline. It appears that the area of molecular structure and vibrational spectra of organic radical cations forms another domain where the gradient-corrected DFT methodology can be applied very successfully. 59, [62] [63] [64] [65] The N-ring stretching vibration is in all cases a complex vibration, with various local modes contributing. The UBLYP calculations predict its frequency best. It is perhaps not surprising that there is still a discrepancy between this calculation and experiment as concerns the effect of methyl deuteriation on the frequency. We have used the computed force constants as they are, without any scaling. A better agreement can undoubtedly be found by developing a scaled quantum mechanical force field, 28, 36 with different scaling factors for the force constants for different kinds of local coordinates, but this is not the objective of the present research. Given the high quality of the DFT results, we prefer to have more generality by using the ab initio data as they are, even if this is at the expense of accuracy.
For the neutral DMA molecule HF/6-31G* was found to be an appropriate level of theory, in line with general experience. In this case density functional methods may perform slightly better 36 and will be especially useful when IR intensities are concerned, 36,63 but they are (at present) computationally less efficient.
The lowest triplet state of DMA appears to be an inefficient Raman scatterer, even though its optical absorption properties are very similar to those of the radical cation. This is in contrast with substituted derivatives, which do give good resonance Raman spectra. 21, 29 Work on related systems (N-phenylpiperidine, N-phenylmorpholine, N-phenylpyrrolidine) is in progress. 29 The experience gained in the present study shows that some of the normal modes of vibration are rather complex and can be expected to depend on details of the molecular structure and on isotopic substitution, which will make it necessary to perform the same types of calculation on these larger molecules.
